Abstract The presence of active developmental angiogenesis and vascular outgrowth in the postnatal brain may differentially affect vascular responses to stroke in newborns and adults, but very little is known about the dynamics of vascular injury and regrowth after stroke during the neonatal period. In this study, we used a clinically relevant animal model of ischemic arterial stroke in neonate rats, a transient middle cerebral artery occlusion (MCAO) in postnatal day7, to characterize the effects of injury on vascular density and angiogenesis from acute through the chronic phase. A marked vessel degeneration and suppressed endothelial cell proliferation occur in the ischemic regions early after neonatal stroke. In contrast to what has been described in adult animals, endothelial cell proliferation and vascular density are not increased in the peri-ischemic regions during the first week after MCAO in neonates. By 2 weeks after injury, endothelial cell proliferation is increased in the cortical peri-ischemic region, but these changes are not accompanied by an increased vascular density. Suppressed angiogenesis in injured postnatal brain that we report may limit recovery after neonatal stroke. Thus, enhancement of angiogenesis after neonatal stroke may be a promising strategy for the long-term recovery of the affected newborns.
Introduction
The estimated incidence of neonatal arterial stroke is 1 in 5,000 births [1, 2] . Neonatal stroke leads to permanent disabilities in approximately 57 % of the cases, including motor deficits, cerebral palsy, epilepsy, and/or learning impairment [3] , and requires lifelong medical and social care. Risk factors for neonatal arterial stroke are broad, including maternal disorders (preeclampsia, chorioamnionitis, and autoimmune disorders), placental disorders (abruption and thrombosis), cardiac disorders (congenital heart failure, patent ductus arteriosus, and pulmonary valve atresia), systemic infections, and other blood disorders [2] . In stark contrast to adult stroke, studies using age-appropriate animal models of neonatal focal stroke have been very limited, in part contributing to lack of treatments for newborn stroke patients.
To date, only hypothermia (head or body cooling of term human babies) has provided encouraging results for prevention of long-lasting consequences of neonatal encephalopathy [4] . However, hypothermia alone may not be sufficient to consistently prevent the progression of brain damage [5] . The use of thrombolytics, the only approved treatment for a subset of adult stroke patients, is not recommended for treatment of neonatal stroke, since its effectiveness and safety have not been demonstrated in newborns [6] . Thus, a better understanding of the mechanisms of brain injury and repair following neonatal stroke is necessary to identify new potential therapeutic targets for the treatment of newborn stroke patients.
Vascular immaturity or abnormalities in part own to differences in the pathogenesis of stroke in neonates, children, and adults. A growing number of studies show that neurovascular integrity is controlled differently in the normal developing and adult brain [7] and that both gene and protein expressions of blood-brain barrier (BBB) endothelial proteins undergo major changes from embryonic period to adulthood [8] [9] [10] . However, these differences are not incremental or continuous, as one would expect based on data on the continuously increasing astrocyte or pericyte coverage during postnatal brain maturation. Using a model of transient middle cerebral artery occlusion (MCAO) in postnatal day7 (P7) rats and a similar model in the adult, we recently discovered that the neonatal BBB is intrinsically more resistant to ischemic injury than the adult BBB [11] . While somewhat paradoxical, this conclusion is supported by several lines of evidence, including endothelial transcriptome data and data on the functional and structural integrity of the BBB in injured adult and neonatal rats. Although functional intactness of the BBB during acute injury is likely to protect and support recovery, leakiness of the BBB is thought necessary to allow angiogenesis and support migration of neural progenitors [12] . Persistent BBB impermeability in injured neonatal brain over time, if the case, would translate in a reduced capacity of brain vessels to exert the plastic responses necessary for angiogenesis, vascular outgrowth, and neurogenesis during the recovery phase. In this study, we aimed to characterize the effects of neonatal focal arterial stroke on endothelial proliferation and vascular outgrowth and maturation during both the acute and chronic injury phases. Understanding developmental differences in the CNS responses to injury is a fundamental step for the identification of pharmacologic targets and potential therapies designed for the treatment of neonatal stroke patients.
Materials and Methods

MCAO Model in P7 Rats
All animal research was approved by the University of California San Francisco Institutional Animal Care and Use Committee and was performed in accordance with the Guide for the Care and Use of Laboratory Animals (U.S. Department of Health and Human Services, publication number 1985) . Female Sprague-Dawley rats with a 5-to 6-day-old litter (10±1 pups per litter) were given food and water ad libitum and housed in a temperature-/light-controlled animal care facility. A transient 3-h MCAO was achieved by inserting a 6-0 coated filament into the internal carotid artery of P7 rats, as previously described [13] . Reperfusion of the MCA was achieved by the retraction of the filament. The pups were then returned to the dam until sacrificed.
BrdU Injections
To label proliferating cells, 5-bromo-2′-deoxyuridine (BrdU, Roche, 50 mg/kg in 0.85 % sterile saline) was intraperitoneally injected to the rat pups twice daily for 2 days prior to sacrifice at P14 or P21.
Western Blot
Protein expression of claudin-1, laminin, and platelet-derived growth factor receptor (PDGFR)-β was determined in lysates obtained from P7, P14, and P17 in naive rat brains. After SDS-PAGE, membranes were blocked with 5 % nonfat milk in 0.2 % Tween TBS 1× (TBST) and incubated with the following primary antibodies: mouse anti-claudin-1 (1:500, Invitrogen), rabbit anti-laminin (1:1,000, Novus Biologicals), mouse anti-PDGFR-β (1:500, R&D systems), and mouse anti-β-actin (1:5,000, Sigma-Aldrich) in 5 % milk TBST overnight at 4°C
. Membranes were washed 3×10 min with TBST and incubated with HRP-conjugated secondary antibodies (Santa Cruz Biotechnology) for 1 h at room temperature (RT). Membranes were washed 3×10 min with TBST and developed using ECL kit (Thermo Scientific).
Histology and Immunofluorescence
Animals were perfused transcardially with 4 % paraformaldehyde in 0.1 M phosphate buffer (PB), and the brains were postfixed for 24 h in the same solution and dehydrated in 30 % sucrose in 0.1 M PB. Brains were then cut in 12-μm-thick slices in a cryostat. Serial sections were processed for double immunofluorescence. For BrdU unmasking, slides were incubated in 2 N HCl for 30 min at 37°C followed by incubation in boric acid (0.1 M, pH8.5) for 10 min and in phosphate buffer saline (PBS) two times for 10 min. For unmasking of proliferating cell nuclear antigen (PCNA), slides were boiled in 2.5 mM sodium citrate in a microwave and cooled down at RT, then washed 3×10 min with PBS 1×. Slides were blocked in 10 % normal goat serum in PBST (0.1 % Triton X-100) and incubated overnight at 4°C in blocking solution with primary antibodies: mouse anti-rat endothelial cell antigen (RECA)-1 (for labeling of endothelial cells, 1:200, ABD Serotec), rabbit anti-platelet endothelial cell adhesion molecule (PECAM)-1 (for detection of endothelial cells, 1:500, kind gift from Peter Newman's laboratory, Blood Center of Wisconsin), mouse anti-PCNA (1:100, Santa Cruz Biotechnology), rat anti-BrdU (1:100, ABD Serotec), and mouse anti-rat endothelial barrier antigen (EBA, 1:1,000, Covance). Slides were then washed in PBST and incubated with secondary antibodies (mouse or rabbit Alexa-488 or Alexa-568) and Alexa-647 isolectin-B4 for 1 h at RT. After washing with PBS, slides were incubated with 4',6-diamidino-2-phenylindole (DAPI) for 2 min in PBS. The slides were washed two times in PBS and coverslipped using FluoroGold mounting medium.
Image Capturing and Quantification
A minimum of three z-stacks (10 μm thick, 1 μm z-spacing) per brain and per region were captured using the ×25 objective. The regions of interest included the ischemic core and peri-ischemic region in the cortex and the caudate, regions identified by the presence of abnormally looking DAPI + nuclei, and matching contralateral regions. Z-stacks were analyzed using Volocity software (Improvision). Vascular density is expressed as the volume percentage occupied by brain vessels in the three different fields of view per region and animal. Vessel number and length are expressed as the sum of the values obtained from three different fields of view per region and animal. Endothelial tip cells were identified and quantified by PECAM-1 immunofluorescence. Endothelial cell proliferation was quantified as the number of PCNA + /PECAM-1 + and BrdU + /RECA-1 + cells and expressed as the sum of the three fields of view per region and animal. EBA presence in brain vessels was analyzed by colocalization with the vascular marker isolectin-B4.
Statistical Analysis
Data are expressed and plotted as the mean±SD. Data were tested for normality using the Kolmogorov-Smirnov test and analyzed using t test and ANOVA, with Bonferroni post hoc test for multiple comparisons. A p<0.05 was considered statistically significant.
Results
Vascular Density and Endothelial Cell Proliferation Are Reduced in Ischemic-Reperfused Brain Regions After Neonatal Stroke
Based on vessel volume and density and endothelial cell proliferation, active vascularization continues at least through the third postnatal week in normal rat brain (Fig. 1a) . Vessel density progressively increases in the cortex and caudate of normally developing brains from P8 to P21 (Fig. 1a, b ) and is associated with endothelial cell proliferation in both brain regions during this period (Fig. 1c) , consistently with previous observations [14] [15] [16] . Abundant PECAM-1 + endothelial tip cells showing extended filopodia are also observed in these brains (Fig. 1d) . In some cases, tip cells are observed in close proximity to adjacent vessels, probably due to vascular anastomosis (Fig. 1d, left) . Protein expression of several vascular markers, such as the tight junction protein claudin-1, the basement membrane protein laminin, and the pericyte marker PDGFR-β, is also increased in naïve brains of P14 and P17 compared to P7 (Fig. 1e, f) , further supporting the notion of vascular outgrowth during the first postnatal weeks.
After stroke, vascular density is greatly reduced in the ischemic core regions in both the cortex and the caudatethe most severely and consistently injured regions in our model. Stroke leads to reduced vessel number and length as early as at 24 h in the cortex (Fig. 2a vs Fig. 2b , e, f) and in the caudate (Fig. 2c vs Fig. 2d, e, f) . The volume density of vessels remains unchanged at 24 h (Fig. 2g) , possibly due to vasodilation following reperfusion. The reduction of vascular density is not transient and is sustained through 72 h and 7 days, when a decrease in volume density is also observed (Fig. 2g) .
Consistently, endothelial proliferation, which was determined by the use of PCNA and by BrdU, is markedly reduced in the same brain regions at 72 h (Fig. 2h, j) and even further at 7 days after injury (Fig. 2i, j) . Also, endothelial tip cells are essentially absent in the injured regions as early as 72 h after stroke (Fig. 2k) . Together, these data show that neonatal stroke leads to severe vascular degeneration and impairment of postnatal angiogenesis in the injured regions.
Endothelial Cell Proliferation Is
We then analyzed the presence of vascular responses in periischemic regions, in which angiogenesis and vascular sprouting have been described in animal models of adult stroke [17] [18] [19] . Peri-ischemic regions were defined as uninjured regions immediately adjacent to the ischemic core regions and were identified by the observation of cell nuclear morphology based on DAPI staining. Quantification of vascular density in the peri-ischemic regions in the cortex and caudate revealed unchanged number (Fig. 3g) , length ( Fig. 3h ) and volume density of vessels (Fig. 3i) compared to the corresponding regions in the contralateral hemisphere at 72 h, 7 days, and 14 days after stroke (Fig. 3a-d) . Interestingly, endothelial cell proliferation is partially decreased compared to the corresponding contralateral regions at 72 h and 7 days after injury (Fig. 3j) . Together with our previous observations, these data indicate that neonatal stroke reduces endothelial cell proliferation in the ischemic core and more discretely in the peri-ischemic regions in the cortex and caudate. In contrast, 14 days after injury, the number of proliferating endothelial cells (BrdU + /RECA-1 + ) cells is significantly increased in the peri-ischemic region in the cortex, reaching levels higher than in the contralateral cortex (Fig. 3c,  Fig. 3e vs Fig. 3f, j) . At the same time, no increase on the number of proliferating endothelial cells is observed in the peri-ischemic region of the caudate (Fig. 3d, j) .
Distribution of the Rat EBA Is Altered in the Peri-Ischemic Regions in the Cortex
To characterize functional maturation of proliferating vessels in peri-ischemic regions, we analyzed the distribution of EBA, a protein present in functionally integrant vessels in mature brain [20, 21] . At P21 (14 days after stroke), most vessels in the contralateral regions express EBA (Fig. 4a, c and arrows in Fig. 4e) , consistent with previous reports that showed presence of this barrier antigen in most brain vessels at this age [22] . However, EBA expression was absent in a small proportion of vessels (Fig. 4a, c, arrowheads) . In contrast, in peri-ischemic regions in the cortex and caudate EBA expression is absent in numerous vessels (Fig. 4b, d , f white arrowheads), while other vessels show reduced EBA expression (Fig. 4f, thin arrows) . The altered spatial expression of this barrier antigen may indicate abnormalities in the vascular maturation of vessels surrounding the severely injured regions.
Discussion
In this study, we demonstrate that neonatal focal arterial stroke leads to both severe and long-lasting vascular degeneration and to impairment of angiogenesis in the ischemic core regions. We also show that in the periischemic regions, endothelial cell proliferation is reduced during the acute and subacute injury phases, but is restored in the caudate and significantly increased in the cortex during the chronic recovery phase. Increased endothelial cell proliferation, however, is not associated with increased vascular density. Altered patterns of expression of the EBA in the peri-ischemic regions suggest an abnormal BBB structure. During the first three postnatal weeks, there is a gradual increase in the complexity of the neurovascular network in the rat brain [14] [15] [16] 23] that coincides with progressive increase in the cerebral blood flow and metabolic rate of glucose, as reported in the rat, rabbit, dog, and human during postnatal brain maturation [24] [25] [26] [27] [28] [29] . We recently showed a significant increase in the capillary network from P7 to adulthood [11] . In this study, we observed increased vascular density between P8 and P21, which was also associated with higher expression of BBB and perivascular protein markers.
In our study, we focused on the cortex and the caudatetwo brain regions supplied by the MCA. Although both regions are injured after transient MCAO in neonatal rats, brain vessels (isolectin B4, red) . In uninjured regions, only a small proportion of vessels lack EBA (a, c white arrowheads), while EBA staining is present in most brain vessels (e, white arrows).
In contrast, EBA staining is absent in most vessels in the ischemic boundaries in the cortex (b, f, white arrowheads) and the caudate (d, white arrowheads) and is reduced and irregular in other vessels (f, thin arrows) the consequences of injury in these individual regions differ and injury in the caudate is more severe and consistent. Thus, a parallel study of vascular responses in these two regions may prove as a good tool to uncover the mechanisms of long-term injury after neonatal stroke. Following neonatal focal arterial stroke, we have observed a severe and long-lasting vascular degeneration in the injured hemisphere. Similar observations have been reported in animal models of neonatal hypoxia-ischemia (HI), describing a significant rapid (24 h) and persistent (up to 14 days) reduction in the number of perfused brain vessels in the perilesional regions [14] and decreased vessel length in the injured hemisphere 7 days after HI [30] .
Angiogenesis may protect by restoring blood supply to the injured brain and enhance recovery by supporting neurogenesis after injury. In uninjured adult brain, where angiogenesis is low, stroke induces a prominent, fast, and longlasting proliferative response in endothelial cells in the ischemic and peri-ischemic regions [17, 18, 31] . In vessels surrounding ischemic brain regions, endothelial cells begin to proliferate as soon as 12-24 h after stroke, coinciding with induction of gene and protein expression of several known pro-angiogenic mediators, such as vascular endothelial growth factor (VEGF) [32, 33] , VEGF receptor type-2 [34] , angiopoietins and Tie receptors [35, 36] , the PDGF-B/ PDGFR-β axis [37] , erythropoietin [38] , and TGF-β [39] . As a result, higher vascular density in those areas was seen 3 days after stroke [17, 18, 31] , and vessel formation lasted even up to 21 days after injury [17] . In adult human stroke patients, angiogenesis was reported 3-4 days after injury, also concomitant to the induction of several known proangiogenic factors [40] , but it is still a matter of discussion whether newly generated brain vessels maturate correctly and translate into functional vessels in the adult brain.
The most striking observation in our study is the absence of an angiogenic response early after injury and only a limited induction of angiogenesis during the chronic phase, but the underlying mechanisms of such a different response in post-ischemic adult and neonatal brains are unknown. In neonatal brain, developmental angiogenesis is still ongoing [15, 16] . Consistently, using endothelial transcriptome, we recently reported that gene expression of at least some regulators of angiogenesis, VEGFR2 and angiopoientin 2, is approximately threefold higher in endothelial cells in uninjured hemisphere of P7 rats than in uninjured hemisphere of adult rats [11] . In the same study, we observed a significant increase in VEGFR2 and angiopoientin-2 gene expression in acutely injured adult brain at 24 h, but unchanged expression of these genes and several other angiogeneic regulators in acutely injured P7 brain [11] .
At the same time, in our prior immunofluorescence study in P10 rats subjected to MCAO, rapid upregulation of VEGF was evident in ischemic regions between 4 and 24 h after reperfusion, but expression was increased in neurons early, whereas reactive astrocytes were the major source of VEGF 7 days later [41] . VEGF, which is a known critical mediator of neuronal and endothelial function as well as a mediator of angiogenesis and neurogenesis in the adult [42] , is important in recovery after neonatal stroke [43] . Blockade of VEGF signaling through VEGFR2 inhibition led to enhanced injury and decreased endothelial cell proliferation in the injured caudate 7 days after neonatal stroke. As in this study, endothelial cell proliferation in the injured caudate of non-treated animals was only marginally reduced compared to the contralateral caudate [43] . Here, we extended the characterization of endothelial cell proliferation up to 14 days after reperfusion, observing a recovery of normal proliferative levels in the caudate and an increase in the cortex.
It has been shown that in adult stroke models, angiogenesis and neurogenesis occur simultaneously and that newly generated neuroblasts migrate along proliferating blood vessels in the peri-ischemic brain areas [12, 44] . Endothelial cells can indeed modulate neural stem cell migration and process outgrowth when subjected to oxygen and glucose deprivation [45] . In the neonatal brain, stroke also induces neural stem cell proliferation in the subventricular zone [46] , but the interaction of neural progenitors with brain vessels during their migration into the ischemic regions has not been determined after neonatal focal stroke. Hence, it remains unclear whether the limited angiogenic responses observed after neonatal stroke provide sufficient support for the survival and migration of neural progenitors into the injured brain.
We then showed that angiogenesis occurring by 2 weeks after injury affects properties of vessels in peri-infract regions, as evident from altered EBA expression. EBA is specifically expressed in brain endothelial cells and its loss [47, 48] or neutralization [49, 50] induces a major rapid and transient BBB disruption in the adult. EBA is not detected in embryonic brain, is expressed in only a few microvessels in early postnatal brain, but is widely expressed in brain vessels in a juvenile brain [20, 21] , when the BBB becomes remarkably sensitive to inflammation-triggered injury. Based on data that BBB is integrant at birth in most brain regions [51] , EBA is clearly not required for proper BBB assembly or function during embryonic development or during the first two postnatal weeks. While lack of this protein is used as a marker of BBB breakdown in immunohistochemistry, surprisingly little is known about its exact function. It has been suggested that the "mosaic" pattern of EBA expression is linked to tight junction function [47] . Although there are no studies that directly demonstrate such a link, the dynamic nature of the BBB opening/closure in response to an anti-EBA antibody makes such explanation plausible, in which case EBA likely modulates tight junctions. Here we observed that, in contrast to vessels in uninjured regions, in P21 rats, where EBA distribution is almost ubiquitous, vessels in the peri-ischemic regions show altered expression of this protein, suggesting an impaired barrier function. While we demonstrate that stroke prior to postnatal EBA expression reshapes EBA distribution at P21 (14 days after injury), the underlying mechanisms and functional consequences of its lack or altered localization to vascular integrity are yet to be uncovered.
Functional BBB integrity depends not only on endothelial properties, but also on adequate structure and interaction between different components of the neurovascular unit (endothelial cells, basal lamina proteins, pericytes, and astrocyte endfeet) [52] . The selective permeability of the BBB also relies on the activity of specific endothelial transporters that limit the trafficking of circulating molecules to the brain parenchyma [52] . The presence of different inflammatory mediators (cytokines, chemokines, and others) in the ischemic brain may affect both the disruption of the BBB during acute injury and the maturation of the BBB in new vessels generated during the recovery phase. It is known that some mechanisms of stroke-induced neuroinflammation are differentially regulated in neonates and adults [53] . In particular, the cross-talk and physical interactions of resident and/ or peripheral immune cells with vessels may determine the time-course of vascular degeneration and angiogenesis in a different way in the neonatal and adult brain.
In summary, our temporospatial characterization of the acute and long-term vascular responses to neonatal stroke has shown that stroke-induced angiogenesis is more limited in the neonatal brain compared to the adult brain. Therefore, strategies that enhance angiogenesis after neonatal stroke may represent an effective therapeutic approach for longterm recovery of the affected newborns.
